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The emergence of natural isolates of human respiratory syncytial virus group B (HRSV-B) with a 60-
nucleotide (nt) duplication in the G protein gene in Buenos Aires, Argentina, in 1999 (A. Trento et al., J. Gen.
Virol. 84:3115-3120, 2003) and their dissemination worldwide allowed us to use the duplicated segment as a
natural tag to examine in detail the evolution of HRSV during propagation in its natural host. Viruses with the
duplicated segment were all clustered in a new genotype, named BA (A. Trento et al., J. Virol. 80:975-984,
2006). To obtain information about the prevalence of these viruses in Spain, we tested for the presence of the
duplicated segment in positive HRSV-B clinical samples collected at the Severo Ochoa Hospital (Madrid)
during 12 consecutive epidemics (1996-1997 to 2007-2008). Viruses with the 60-nt duplication were found in 61
samples, with a high prevalence relative to the rest of B genotypes in the most recent seasons. Global
phylogenetic and demographic analysis of all G sequences containing the duplication, collected across five
continents up until April 2009, revealed that the prevalence of the BA genotype increased gradually until
2004-2005, despite its rapid dissemination worldwide. After that date and coinciding with a bottleneck effect on
the population size, a relatively new BA lineage (BA-IV) replaced all other group B viruses, suggesting further

adaptation of the BA genotype to its natural host.

Human respiratory syncytial virus (HRSV), a member of the
Pneumovirus genus within the Paramyxoviridae family, is rec-
ognized as the leading agent responsible for severe respiratory
infections in the pediatric population (31, 34, 35) and a patho-
gen of considerable importance in vulnerable adults (23, 24).
The global respiratory syncytial virus (RSV) disease burden is
estimated at 64 million cases and 160,000 deaths every year
(70). This virus causes regular seasonal epidemics which take
place during the winter months in temperate countries or dur-
ing the rainy season in tropical areas (12). A peculiar aspect of
HRSV is that the immune response produced by infection does
not confer long-lasting protection, which is why reinfections
are common throughout life (30).

Neutralization tests performed with hyperimmune serum
(16) and reactivity with specific monoclonal antibodies (4, 45)
were used to classify HRSV isolates into two antigenic groups,
A and B, which correlated with genetically distinct viruses (18).
The main differences between these two groups are located in
the major attachment G protein. This protein is a type II
glycoprotein that shares neither sequence nor structural fea-
tures with the attachment proteins (HN or H) of other
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paramyxoviruses (69), and it represents one of the targets of
the immune response (27, 43). The full-length membrane-
bound G protein (Gm) of 292 to 319 amino acids (depending
on the viral strain) is also expressed in a secreted version (Gs)
that lacks the transmembrane domain due to alternative initi-
ation of translation at a second in-frame AUG codon in the G
open reading frame (M48) (52). The G protein is the viral gene
product with the highest degree of antigenic and genetic di-
versity among viral isolates (4, 18, 28, 45). Most changes are
concentrated in two hypervariable regions that flank a highly
conserved central region of the G protein ectodomain, which
includes a cluster of four cysteines and the putative receptor
binding site (43). It has been suggested that antigenic differ-
ences within this protein could facilitate repeated HRSV in-
fections (37, 59). In addition, positive selection of amino acid
changes was observed in the two hypervariable regions of the
G protein ectodomain (7, 43, 71, 73, 74). One of the hyper-
variable regions, located in the C-terminal one-third of the G
molecule, contains multiple epitopes recognized by monoclo-
nal antibodies (43), suggesting that immune selection of new
variants by antibodies may contribute to generation of HRSV
diversity.

Phylogenetic studies based on sequence analysis of the G
protein have identified numerous genotypes in the antigenic
groups A and B that show complex circulation patterns, since
multiple genotypes of both antigenic groups may circulate
within the same season and community, with one or two dom-
inant genotypes being replaced in successive years (13, 14, 26,
27, 32, 49, 50). Each community shows a seasonal circulation



VoL. 84, 2010

pattern of genotypes, probably determined by local factors,
such as the level of herd immunity to certain strains (3, 14, 49).

The capacity of the G protein to accommodate drastic se-
quence changes was illustrated best by three antigenic group B
viruses isolated in Buenos Aires, Argentina, in 1999 that con-
tained a duplication of 60 nucleotides (nt) in the C-terminal
third of the G protein gene (63). The global dissemination of
these viruses allowed us to use the duplicated segment as a
natural tag to reexamine the evolution of HRSV during prop-
agation in its natural host. Phylogenetic analysis of G se-
quences revealed that all viruses with the duplicated segment
clustered in a new genotype, named BA, and this finding sup-
ported the idea of a common ancestor for all viruses with the
60-nt duplication, dated about 1998 (64). The limited informa-
tion about the molecular epidemiology of HRSV in Spain,
together with an increase in G sequences with the duplicated
segment reported worldwide, prompted us to conduct both a
local search in Madrid for these viruses and a global phyloge-
netic analysis of HRSV with the 60-nt duplication from the
time that these viruses were first detected, taking into account
the geographic and temporal distribution of each isolate.

MATERIALS AND METHODS

Clinical samples. Nasopharyngeal aspirates were taken in phosphate-buffered
saline from children hospitalized in the Severo Ochoa Hospital (Madrid, Spain)
during 12 consecutive seasons (1996-1997 to 2007-2008). Respiratory samples
were sent to the laboratory of respiratory viruses at the Centro Nacional de
Microbiologia (Instituto de Salud Carlos III, Majadahonda, Madrid, Spain).
HRSV detection and classification into groups A and B were performed by
multiplex nested reverse transcriptase PCR (RT-PCR) as described by Coiras et
al. (17). Samples were stored at —80°C until further analysis. Virus nomenclature
uses a letter code representing the site of isolation (e.g., “MAD” represents
Madrid) followed by the isolate number and year of isolation for samples from
the Southern Hemisphere or the first year of the epidemic season for samples
from the Northern Hemisphere.

RNA extraction, DNA amplification, and sequencing of group B G sequences.
For screening purposes, the presence of the 60-nt duplication in the G protein
gene of HRSV group B samples was detected by a real-time RT-PCR as follows
Total RNA was extracted directly from frozen clinical specimens by using the
RNA QIAamp MiniElute virus spin kit and the automated system QUIACube
(Qiagen) according to the manufacturer’s instructions. cDNA was obtained using
5 pl of total RNA in a mix containing 65 ng of the oligonucleotide BGI(-)
(5'-GGAATTCGTCGACTTTTTTTTTTGAATAA-3'; negative sense), 0.5 mM
(each) deoxynucleoside triphosphates (Promega), 10 U of avian myeloblastosis
virus (AMV) reverse transcriptase, and reaction buffer (Roche) in a final volume
of 10.8 pl. The reaction mix was incubated for 30 min at 42°C, followed by 15 min
at 95°C. Next, the total volume of the RT reaction mixture was incubated with a
mix of 65 ng of the oligonucleotide OG715(+) (5'-AAACCAACCCCCAAGA
CCACA-3'; nucleotides 715 to 735 of the G protein gene from the CH18537
strain; positive sense), 65 ng of the oligonucleotide OG813(-) (5'-GAGGGAT
TGCTGTTGGATTGT-3'; nucleotides 715 to 735 of the G protein gene from
the CH18537 strain; negative sense), and 15 pl of Power SYBER green PCR
master mix (Applied Biosystems) in a final volume of 10.8 pl. Thermocycling was
performed on a StepOne real-time PCR instrument (Applied-Biosystems) under
the following conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s
and 65°C for 1 min. After amplification, melting-curve analysis was performed
with the following steps: denaturation at 95°C for 1 min, annealing at 60°C for 1
min, and 100 cycles of 0.3°C increments (10 s each). cDNAs of strains CH18537
and BA/3833/99 were used as controls for the absence and presence of duplica-
tion, respectively. Finally, a fragment of the last 417 nt of the G protein gene with
the duplicated segment was amplified as previously described (64), except that
BGY(-) was used as an antisense oligonucleotide. Ten microliters of the amplified
DNAs were resolved by electrophoresis in 2% agarose gels, stained with
ethidium bromide, and visualized with UV light. PCR products were then sub-
jected to forward and reverse cycle sequencing with the BigDye terminator
sequencing kit (Applied Biosystems) and the PCR primer sets, as described
previously (64).
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Sequence data and nucleotide and amino acid sequence analysis. A total of
347 partial sequences (330 nt long) of HRSV group B viruses with the 60-nt
duplication in the G protein gene isolated worldwide were retrieved from
GenBank for comparative studies. Of these, 187 sequences were unique for each
country and contained a minimum length of 330 nt (detailed in Table S1 in the
supplemental material). These sequences were aligned with ClustalX v1.81 soft-
ware (62) and manually edited with the BioEdit software program, version 7.0.9
(33). The nucleotide and amino acid pairwise distance values (p-distances) were
calculated using the MEGA software program, version 4.0 (61). The inferred
amino acid sequences (using universal code) and polymorphisms were analyzed
with DNAsp 4.0 software (53).

Phylogenetic analysis. Maximum-likelihood phylogenetic trees were obtained
using the PAUP* software package, version 4.0b10 (60). The best-fitting nucle-
otide substitution model (general time reversible [GTR] + I'y) was determined
from the data with the ModelTest software program, version 3.06 (51). For each
tree, the reliability of phylogenetic grouping was determined through a bootstrap
resampling analysis, using 1,000-replicate neighbor-joining trees under the max-
imum-likelihood (ML) substitution model. Trees were edited using the Treeview
software program, version 1.5.2 (47), and the MEGA program, version 4.0 (61).

Evolutionary analysis. Rates of nucleotide substitution per site, the time of the
most recent common ancestor (MRCA), and the key aspect of demographic history,
particularly changes in the population size, quantified as N.1, where N, is the
effective number of infections and 7 is the generation time in years, were estimated
using a Bayesian Markov chain Monte Carlo (MCMC) method available in the
BEAST software package (http://beast.bio.ed.ac.uk) (19, 20). This method analyzes
the distribution of branch lengths between viruses isolated at different times (year of
collection) among millions of sampled trees. The HKYS85 + I'; substitution model
was used, since more-complex models did not result in statistical convergence. The
data set was analyzed using the Bayesian skyline model, assuming a relaxed (uncor-
related log normal) molecular clock. MCMC chains were run for sufficient time to
achieve convergence (as assessed using the TRACER software program; http://tree
.bio.ed.ac.uk/download.html?name=tracer&version=v1.4.1&id=60&num=2). Sta-
tistical uncertainty in parameter estimates is given by the 95% highest-probability
density (HPD) values. The data obtained in the MCMC analysis were also used to
infer a maximum clade credibility (MCC) tree using the software programs Tree-
Annotator v1.4.7 (21) and FigTree v1.2.1 (http://tree.bio.ed.ac.uk/software/figtree/)
for editing purposes. The MCC tree depicts the phylogenetic relationship against the
time of sampling (year) of each isolate.

Nucleotide sequence accession numbers. The sequences from Madrid re-
ported here were deposited in the GenBank database under accession numbers
GQ150687 to GQ150743.

RESULTS

HRSYV G gene sequences with a 60-nt duplication from sam-
ples collected in Madrid throughout 12 epidemic seasons. A
total of 1,594 clinical samples collected from patients of the
Severo Ochoa Hospital (Madrid, Spain) during 12 consecutive
epidemic seasons (1996-1997 to 2007-2008) tested positive for
HRSV and were classified in antigenic group A or B by RT-
PCR of the F protein gene, as described by Coiras et al. (17).
Both antigenic groups cocirculated over the 12 epidemics (Ta-
ble 1). Although the overall prevalence of group A (54.7%)
was slightly higher than that of group B (45.3%), group B
viruses predominated in five epidemics (Table 1). A subset of
179 group B samples, representative of all epidemics, was se-
lected for further analysis. A G gene segment, encompassing
nucleotides 715 to 813, was amplified from those samples. Of
the 179 amplicons, 61 showed an increase in the melting tem-
perature and a slow-mobility band of the amplified product,
indicative of a 60-nt duplication in the G protein gene (see
Materials and Methods). The duplication was subsequently
confirmed by DNA sequencing for 57 samples. Sequences
could not be obtained in four cases due to scarce availability of
the clinical specimen.

The first viruses with a 60-nt duplication in the G gene were
detected in Madrid during the 1998-1999 epidemic, represent-
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TABLE 1. Circulation of HRSV viruses in Madrid throughout 12 consecutive epidemics

No. (%) of samples No. of samples

Spasop of No. of HR“SV No. (‘7?) of grboup No.'of stuciied with 60-nt with C-terminal
epidemic (yr) samples B samples samples duplication® sequences (472 nt)*
1996-1997 176 25 (14.2) 15 0(0,0) 0
1997-1998 146 110 (75.3) 36 0(0,0) 0
1998-1999 142 90 (63.4) 21 3(14,3) 3
1999-2000 199 1(0.5) 1 1 (100,0) 0
2000-2001 142 43 (30.3) 16 0(0,0) 0
2001-2002 125 81 (64.8) 16 1(6,3) 1
2002-2003 44 5(11.4) 4 2(50,0) 2
2003-2004 233 208 (89.3) 16 9(56,3) 9
2004-2005 79 20 (25.3) 19 15 (78,9) 15
2005-2006 58 25(43.1) 16 13 (81,3) 12
2006-2007 118 81 (68.6) 10 8 (80,0) 8
2007-2008 132 33(25.0) 9 9 (100,0) 7

“ Number of samples that tested positive by multiplex RT nested PCR for HRSV.

® Number of HRSV samples that were classified in antigenic group B by RT-PCR analysis of the F protein gene.

¢ Number of HRSV group B samples selected for amplification of the G protein gene segment (nucleotides 715 to 813).

4 Number of HRSV group B samples that showed an amplified product with a 7,,, > 80°C and a slow-mobility DNA band in agarose gels, indicative of a 60-nt

duplication in the G protein gene.

¢ Number of group B samples with a 60-nt duplication for which a C-terminal G sequence could be obtained.

ing 14.3% of all group B samples from that year. Although the
prevalence of HRSV strains with the duplication among group
B viruses was low until 2001-2002 (but in 1999-2000, only one
group B sample was available), this parameter increased after
the 2002-2003 epidemic, reaching values close to 100% in re-
cent years.

Interestingly, the first sequences with the 60-nt duplication
found in this analysis (December 1998) were present in sam-
ples collected a few months earlier than the date of the first
viruses with the duplication reported from Buenos Aires (June
1999) (63). However, the oldest sequence from the Madrid
samples contained two nucleotide changes in the first dupli-
cated region (see Fig. S1 in the supplemental material). There-
fore, the ancestor of the viruses with the 60-nt duplication is
expected to be more closely related to the viruses isolated in
Buenos Aires in 1999, which contained two identical copies of
the duplicated segment, than to Madrid viruses.

Phylogenetic relationship of Madrid sequences with the
60-nt duplication. Nucleotide sequences with the duplication
in the C-terminal third of the G protein gene (nucleotides 510
to 981) could be obtained for 57 samples from Madrid (Table
1). Alignment of these sequences confirmed the presence in all
of them of a duplicated segment of 60 nt, starting after position
792 (the number refers to the sequence of group B strain
CH18537), coinciding with the duplication previously found in
viruses from Buenos Aires (63, 64). Identical sequences were
observed occasionally in different samples collected during the
same epidemic season, except for MAD/4163/03, which was
found in two consecutive epidemics (2003-2004 and 2004-
2005).

The maximum-likelihood method was used to construct a
phylogenetic tree of 30 unique partial G sequences from Ma-
drid with the 60-nt duplication (Fig. 1). The sequences were
clustered into four branches (MAD-I to MAD-IV). All the G
sequences with the duplication from viruses that circulated
until 2002-2003 were clustered in MAD-I. This branch was
apparently extinguished after the 2004-2005 epidemic, as no
further sequences that grouped in MAD-I were identified after

58 MAD/2258/98(2)
| 99i MAD/3743/02
91 MAD/4535/04

MAD/3765/02

MAD-I

MAD/3553/01
MAD/4570/04
gsl MAD/4033/03
MAD/4164/03

52— MAD/4055/03
MAD/4163/03(4)*
MAD/4139/03(2)
o MAD/4515/04(1)

MAD/4591/04
MAD/4527/04(2)
— MAD/5662/06
— MAD/5745/06
MAD/6212/07
94 —— MAD/5755/06
MAD/5670/06(4)

77| MAD/6214/07(1)
MAD/6312/07
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0.02

FIG. 1. Phylogenetic tree of HRSV-B sequences from Madrid
with a 60-nt duplication. Unique partial G sequences (nucleotides
510 to 981) with a 60-nt duplication obtained from clinical samples
collected in Madrid (Table 1) were used to construct a phylogenetic
tree by the maximum-likelihood method (see Materials and Meth-
ods). The lengths of horizontal lines are proportional to the genetic
distances between viruses. The bar represents 0.02 nucleotide sub-
stitutions per site, and the tree is unrooted. Numbers at the internal
nodes represent the bootstrap probabilities (1,000 replicates). Only
bootstrap values > 50 are shown. Branches are indicated at right by
brackets. The number of MAD sequences identical to those shown
in the figure is indicated between parenthesis at right of the sample
name, and the asterisk indicates sequences identified in more than
one season.
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Year of Group and . ) : Buenos . South N
isolation genotype Brazil  Belgium  Madrid Aires  NewDelhi  pioo Niigata
B 76/102 90/142 5/20
1998 BA 0 3/21 0
B 23/97 1/199 55/94
1999 BA 2/19 11 8/55
B 15/84 43/142 0/44
2000 BA 0/0 0/0 0/0
2001 B 73/86 81/125 10/56 11
BA 25/37 1/16 1/9 11
2002 B 59/131 5/44 45/63 0/8 45/54
BA 12/35 2/4 23/45 0 41/45
2003 B 46/123 | 208/233 24/92 2/22 16/99
BA 10/10 9/16 12/24 2/2 16/16
2004 B 68/90 20/79 10/57 8/17
BA 15/15 15/19 6/10 8/8
B ubD 12/83 25/58
2005 BA 90/90 3/3 13/16
B 81/118 7113
2006 BA 8/10 717
B 33/132
2007 BA 9/9

FIG. 2. HRSV group B and BA genotype prevalence in seven countries between 1998 and 2007. Epidemiologic data for Brazil (7), Belgium
(73, 75), Madrid (this work), Buenos Aires (26, 64, 67), New Delhi (48), South Africa (68), and Niigata (55) are included in this study. Prevalence
of group B over group A = 50% is highlighted in green. Prevalence of the BA genotype over other group B genotypes = 50% is highlighted in
pink. B values, numbers of group B strains out of the total HRSV-positive samples. BA values, numbers of sequences with the 60-nt duplication

out of the total group B sequences studied. The year of isolation corresponds to the first year of an epidemic season, i.e., 2001 for the 2001-2002

epidemic. UD, unpublished data.

this date. In 2003-2004 emerged a new branch, MAD II, which
prevailed in the following epidemic (2004-2005), clustering 8
out of 15 sequences from 2004-2005. The remaining sequences
from this epidemic clustered in the branch MAD-IV with se-
quences from samples isolated in later years, except for MAD/
4570/04, which shared a phylogenetic relationship with
branches MAD-I and -II. The branch MAD-III included all
sequences of the epidemic season 2006-2007 and the majority
of sequences from the following season (2007-2008). Branch
MAD-IV was the most heterogeneous regarding the date of
samples. This branch, with low bootstrap, contained both local
viruses that acquired changes with time and viruses probably
imported from other regions (see below).

Global distribution of HRSV-B G sequences with the 60-nt
duplication over 10 years. Since the first global analysis of the
BA genotype, published in 2006 (64), the number of reported
G sequences with the 60-nt duplication has increased consid-
erably. A total of 404 G sequences with the duplication (most
of them partial sequences), including the 57 sequences from
Madrid reported here, are available in GenBank (as of April
2009; see Table S1 in the supplemental material). Sequences
with the duplication come from samples isolated in 12 coun-
tries throughout the last 10 years. The largest number of se-
quences with the duplication have been reported in Brazil (169
samples) (7; M. C. O. Souza, T. K. Matsumoto, L. R. A.
Vaz-de-Lima, N. N. Sato, M. M. Salgado, H. 1. Z. Requejo,
M. A. Hong, M. L. Barbosa, C. A. F. Oliveira, P. C. Benelli,
R. Y. Shimokawa, R. Pecchini, E. Berezin, S. P. Duarte, C.
Schvartsman, E. L. Durigon, and M. Ueda, submitted for pub-
lication; J. L. Proenca-Modena, F. E. Paula, C. Ansarah-So-
brinho, A. M. Saranzo, A. E. Santos, M. A. Iwamoto, O. A. L.
Cintra, and E. Arruda, submitted for publication), followed by
Belgium (67 samples) (73, 75), Madrid (57 samples) (this

work), Buenos Aires (49 samples) (63, 64), and New Delhi (39
samples) (48; P. Bharaj, W. M. Sullender, H. S. Chahar, C.
John, V. Tyagi, S. K. Kabra, and S. Broor, submitted for pub-
lication). Excluding the three samples isolated in Madrid in
1998, all samples were collected after the original report of
viruses with the 60-nt duplication isolated in Buenos Aires in
1999.

Since epidemiologic information was available for seven
places (including Madrid) (7, 26, 48, 55, 64, 67, 68, 75), the
prevalences of both HRSV group B and the BA genotype were
examined in these locations (Fig. 2). The proportion of viruses
with the duplication increased over time, and the BA genotype
now prevails over the rest of the group B genotypes (high-
lighted in pink in Fig. 2), irrespective of the prevalence of
group B over group A in a given season (highlighted in green
in Fig. 2). For example, in Belgium, 100% of the group B
viruses found in the three latest epidemics (2003-2004 to 2005-
2006) contained the duplication (75), and findings were similar
in Brazil in 2005 (7), in New Delhi in 2001-2002 and 2004-2005
(48), and in South Africa in 2006 (68). The epidemiologic data
published from Niigata (Japan) showed a high prevalence of
the BA genotype among group B viruses (91.1% in 2002-2003
and 100% in 2003-2004); however, unfortunately, only 4 of the
57 G sequences with the duplication analyzed by Sato (55) are
available in GenBank. Analyzed samples from Madrid showed
the same tendency, with a prevalence of BA viruses between
80% and 100% in the last tree seasons.

Overall, the data presented in Fig. 2 indicate that the BA
genotype has increased in prevalence in every country analyzed
so far and has reached a point where almost 100% of the B
viruses identified after 2005-2006 contain the 60-nt duplication
in the G protein gene.
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Phylogenetic analyses and global lineage distribution pat-
terns. In order to study the phylogeography of the BA geno-
type during 10 years of circulation (1998 to 2008), a phyloge-
netic analysis of the C-terminal fragment (nt 652 to 982) of the
G gene sequences with the duplication available to the latest
revision (April 2009) was made. A total of 208 unique se-
quences were used to construct the phylogenetic tree shown in
Fig. 3. Although the number of sequences has increased 4-fold
with respect to our previous work, the majority of G sequences
with the duplicated segment clustered in the same six branches
(BA-I to BA-VI) previously described for the BA genotype
(64), and the topology of the tree remains unchanged (Fig.
3A), conferring consistency to the analysis.

The first viruses with the 60-nt duplication that circulated in
Madrid, Buenos Aires, and Belgium between 1998 and 2000
clustered in the BA-I branch, which prevailed over three epi-
demic seasons and disappeared in 2002. Despite the incorpo-
ration of new strains, all branches remained roughly unaltered
in comparison with the phylogenetic analysis of our previous
work (64). An exception to this was BA-IV. Viruses of this
branch, which were a minority among group B viruses in our
previous analysis (64), have spread worldwide. In addition,
about 70% of all the BA sequences available now cluster in the
BA-IV branch, including all the G sequences with the 60-nt
duplication from samples collected after 2005. Sequences in-
cluded in this branch were found to incorporate nucleotide
changes over time, which split BA-IV into different sublin-
eages: BA-IVa, BA-IVb, MAD-II, MAD-III, INDIA, and
BRAZIL (Fig. 3B).

In general, a certain geographic clustering during a short
period of time was observed for certain branches. For instance,
temporary and geographic clustering was found in the sublin-
eages MAD-II and MAD-III (Fig. 3B), which included se-
quences from viruses isolated only in Madrid in 2003-2004/
2004-2005 and 2006-2007/2007-2008, respectively. Other
significant examples of temporary and geographic clustering
are constituted by the sequences from India and Brazil (Fig.
3B; see also Fig. S2 in the supplemental material). Thus, 79.4%
of the sequences from India, over five epidemic seasons, clus-
tered in the same BA-IV sublineage, named INDIA, and
93.9% of the viruses with the duplication that circulated in
Brazil between 2005 and 2007 grouped in the BA-IV sublin-
eage named BRAZIL. Therefore, the temporary and geo-
graphic clustering could range from 2 to 5 years. The large
number of samples analyzed in Brazil rules out the possibility
of a bias in clustering due to inadequate sampling. The se-
quences from Madrid that clustered in the MAD-IV branch of
Fig. 1 were subsequently clustered in the BRAZIL and BA-III
branches of the Fig. 3 tree and probably represent viruses
imported from the Southern Hemisphere.

Multiple identical sequences were found in each region dur-
ing the same epidemic season, and occasionally the same se-
quence was found in two or three successive epidemics (Fig. 3,
sequences marked with asterisk). However, it was also ob-
served that viruses of the same lineage may have circulated
during the same season in very distant places. For instance,
viruses of the sublineage BA-IVa were circulating in Spain,
Belgium, and Canada in 2001-2002, or viruses of the branch
BA-VI were isolated in Belgium, Canada, and Japan in the
2002-2003 season (Fig. 3A). Moreover, identical sequences

J. VIROL.

from viruses isolated in very distant regions were found circu-
lating in successive epidemics, e.g., the strain QUE/85/03 ap-
peared in Canada in 2003-2004, next in Buenos Aires in 2004
(BA/354/04), in Belgium in 2004-2005 and 2005-2006 (BE/
12817/04), and finally in Brazil in 2006 (SP/1104/06).

Four sequences did not group in any branch (QUE/108/01,
BR/140/03, BE/302/04, and MAD/5015/05), but through the
amino acid sequence analysis and the reconstruction of the
ancestor by the Bayesian method, the first two could be clus-
tered in branch BA-IV and the last two in branch BA-II. These
strains are shown as NC (not clustered) in Fig S3 in the sup-
plemental material.

The alignment of partial G nucleotide sequences from sam-
ples of the BA genotype of Fig. 3 is shown in Fig. S3 in the
supplemental material. Since the emergence of the first viruses
of the BA genotype, with an identical copy of the duplicated
segment, an accumulation over time of nucleotide substitu-
tions, some of them resulting in amino acid changes, has been
observed throughout the length of the fragment examined,
including both copies of the duplication. Sixteen amino acid
substitutions and three synonymous nucleotide changes were
associated with the division of the BA genotype into the dif-
ferent lineages and are indicated at the origin of the main
branches in the tree of Fig. 3A and B.

According to recent work, 8 of the 16 amino acid changes
that defined the different lineages of the BA genotype were
found to be subject to positive selection (summarized in Fig. 3,
indicated with green rectangles), two of them (residues 267
and 270) within the duplication (7, 73).

Another important source of variation in the G protein of
the BA genotype was the protein length polymorphism. By
virtue of the use of three alternative stop codons described
previously for group B viruses (41), three prevailing protein
lengths of 312, 315, and 319 amino acids were observed (Fig.
3). Notably, the change 952CAA — UAA (Q313 — STOP)
regenerated the first alternative stop codon found in group B
viruses, shortening the polypeptide length to 312 amino acids.
This change has been reported by Botosso et al. to be under
positive selection (7) and was present in viruses of the most
recent lineages of the BA-IV branch. In addition, several se-
quences showed less-frequent termination codons and other
unusual changes (insertions and/or deletions) outside the du-
plicated segment that contributed to the protein length poly-
morphism. In summary, the sequences of the BA genotype
showed a total of 11 different protein lengths, with a relatively
good correlation between the protein length and the classifi-
cation of sequences in different branches (see Fig. S3 in the
supplemental material).

The prevalence and distribution of the different lineages
shown in Fig. 3 are represented in Fig. 4 according to the year
of isolation and place of origin. In general, multiple lineages
cocirculated during the same epidemic, but in the majority of
countries, one lineage prevailed over the rest. Furthermore,
persistence of a given lineage was observed for more than one
epidemic season in the same place. For instance, in Belgium
the same pattern of circulating lineages was observed in two
consecutive seasons (2001-2002 and 2002-2003), and viruses of
the BA-VI branch were present in five consecutive seasons
(2001-2002 to 2005-2006), although with different prevalences
(Fig. 4). Similarly, the same sublineage (BA-IV INDIA) pre-
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FIG. 4. Lineage distribution of the BA genotype. The lineages analyzed in Fig. 2 are represented in terms of year and place of isolation. Predominant
branches or sublineages (=50% of frequency over total sequences) are represented with larger boxes. The empty cells indicate an absence of
epidemiologic data. Zero means that no samples with duplication were found. *, sample with duplication for which the sequence could not be obtained.

vailed in India for five seasons (2002-2003 and 2004-2005 to
2007-2008) or in Brazil (BA-IV BRAZIL) for three years
(2005 to 2007). On average, we found that viruses of the same
branch circulated in the same region between 2 and 4 years,
prevailing during two to three epidemic seasons.

Evolutionary dynamics of the BA genotype. In order to es-
timate the rate of nucleotide substitutions and the time of the
most recent common ancestor (TMRCA) and to reconstruct
the demographic history of the BA genotype through 10 years
of global circulation, we conducted a detailed Bayesian
Markov chain Monte Carlo (MCMC) phylogenetic analysis
(20, 21) combined with the Bayesian skyline plot method (22)
with the 208 partial G sequences used in Fig. 3.

The rate was 4.7 X 10~ nucleotide substitutions/site/year

(HPD, 95%: 3.7 X 10> to 5.7 X 10> nucleotide substitutions/
site/year), and the TMRCA was 1997 (HPD, 95%: 1994 to
1999). Despite including in the analysis only the C-terminal
330 nt of a large number of sequences, the rate and TMRCA
values are close to those previously reported for a limited
number of complete G sequences (64). The rate of substitu-
tions was greater than that reported for the complete gene, as
might be expected for a highly variable G region.

The maximum clade credibility tree and the Bayesian skyline
plot depicting the demographic history of the BA genotype are
represented in the same time scale in Fig. 5. The demographic
history is represented as the changes in the effective population
of viral infections over time.

Since the first reported viruses, the BA genotype has showed

FIG. 3. Phylogenetic tree of the BA genotype, constructed using the maximum-likelihood method. (A) A total of 208 unique partial G
sequences (nucleotides 652 to 982) with the 60-nt duplication from samples isolated in Buenos Aires (BA), Belgium (BE), Brazil (SP, RP, BR, JU,
and ITA), Madrid (MAD), India (DEL), Niigata (NG), Sapporo (SAP), Birmingham (Bir), Beijing (Beij), Quebec (QUE), Kenya (Ken), South
Africa (SA), and New Zealand (NZB) were used to construct the phylogram by the maximum-likelihood method (see Methods). The samples are
marked with diamonds color coded by country. The bar represents 0.02 nucleotide substitutions per site, and the tree was rooted with the CH18537
and Sw/8/60 strains. Numbers at the internal nodes represent the bootstrap probabilities (1,000 replicates). Only bootstrap values > 50 are shown.
Names of viruses refer to place/number/year of isolation. Branches and sublineages are indicated at right by brackets, together with the period of
most frequent isolation and the G protein mean length (in amino acids) of sequences in each branch (between parentheses). The number of
sequences identical to those shown in the figure is indicated between parentheses at the right of the sample name, and the asterisk indicates
sequences identified in more than one season. The amino acid substitutions that originate the main branches are indicated at the left of the nodes,
and the residues with evidence of positive selection are framed by green rectangles (7, 73). (B) Expanded BA-IV branch. Synonymous nucleotide
substitutions implicated in the origin of certain sublineages are indicated at the left of the nodes with Sin. (C) Scheme of the third C-terminal region
of the BA G protein. The amino acid changes associated with division of the BA genotype in different lineages are indicated by arrows. The residues
with evidence of positive selection are framed by green rectangles (7, 73). The amino acid sequence is from strain BA/802/99, modified to show
the alternative termination codons. The 20 duplicated amino acids are shaded in gray.
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FIG. 5. Genealogies and corresponding Bayesian skyline plot showing the demographic history of BA sequences, drawn on the same time scale. The
208 unique partial G sequences with 60-nt duplication represented in Fig. 2 were used to infer the maximum clade credibility (MCC) tree and the skyline
plot through the Bayesian Markov chain Monte Carlo analysis implemented in the BEAST software program (21, 22). The y axes of the skyline plot (lower
panel) represent the population size, which is equal to the product of the effective population size (Ne) and the generation length in years (7). The red
line represents the median estimate, and the areas between the green dotted lines show the 95% HPD limits. The MCC tree (upper panel) is represented
on the same time scale as the skyline plot. Branches were collapsed for clarity, and the tree is rooted with the CH18537 and Sw/8/60 strains (not shown).

a demographic expansion, with fluctuations that could be di- branch and their moderate dissemination. Subsequently, from
vided into five phases (Fig. 5). A short initial invasion (phase 1) the middle of 2001 to the end of 2002, new growth in the
was followed by a moderate expansion (phase 2), which then effective population was observed (phase 3), which corre-
coincided with the first BA viruses clustered in the BA-I sponds with the appearance and fast dissemination of new BA
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lineages and the extinction of the BA-I branch. At a later time,
the viral effective population showed a depression, followed by
a rapid increase toward 2005 (phase 4) and a new stabilization
(phase 5). The constriction and subsequent expansion in the
effective population observed in phase 4 are characteristic of
bottleneck effects (22, 39) and coincide with the predominance
of the BA genotype, particularly branch BA-IV, relative to the
rest of the group B viruses. Although the confidence limits are
ample and they are not statistically significant, these data,
along with the results obtained in the phylogenetic analysis
(Fig. 3) and the alignment of sequences (see Fig. S3 in the
supplemental material), suggest that the small bottleneck of
phase 4 could be related to the appearance of viruses of branch
BA-IV with the substitution Q313 — STOP, which has been
proposed to be under positive selection (7).

DISCUSSION

The unique duplication of 60 nt within the G protein gene of
HRSYV, first detected 10 years ago in viral isolates, has allowed
us to essentially turn the evolutionary clock back to zero in
order to better understand the natural history of this virus
during propagation and dissemination in its natural host. Pre-
vious work provided strong evidence for a common ancestry of
all viruses with this duplicated segment and showed that all
sequences with this change clustered in a new genotype, named
BA (64).

In Spain, as in the rest of the world, HRSV infections are the
main cause of severe respiratory illness in the pediatric popu-
lation (5, 29, 66) and in vulnerable adults (8, 38, 42). Although
respiratory disease related to HRSV is clinically well charac-
terized (2, 9, 10) and the risk factors for hospitalization asso-
ciated with infection of this virus have been established (25,
58), only two previous studies with Spanish samples provided
limited information about circulating genotypes (27, 41). The
present study provides new epidemiological and phylogenetic
information about HRSV circulation in Madrid during 12 con-
secutive epidemic seasons (1996-1997 to 2007-2008).

The first viruses with the duplication were found in Madrid
in 1998, 6 months before the viruses reported from Buenos
Aires in June 1999 (63), and therefore represent the earliest
BA viruses described to this date (Table 1). The phylogenetic
tree of Fig. 1 represents the circulation of BA viruses in Ma-
drid during 10 epidemic seasons. Their G sequences clustered
in four different branches (MAD-I to MAD-IV), which illus-
trate the local replacement of prevalent genotypes with time.
In Madrid it appears that a given genotype typically remained
prevalent over a 2-year period before replacement occurred.

Although viruses containing duplications or deletions of 1 or
2 codons in the G protein sequence have been described pre-
viously (6, 27, 43, 44, 73, 74), these changes appeared only
sporadically during certain epidemics. Thus, it is remarkable
that viruses containing the most extensive duplication de-
scribed to date (60 nt) have been circulating worldwide for at
least 10 consecutive years.

The epidemiological data from Madrid examined in this
work, together with the data in recent publications (1, 7, 48, 55,
57, 68, 75), indicated that BA viruses have gradually replaced
the rest of the group B genotypes (Fig. 2). The success of the
BA genotype relative to the rest of the group B viruses suggests
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that the 60-nt duplication in the G protein gene provided some
advantage over related viruses lacking this duplication. How-
ever, this advantage has not affected the alternating preva-
lences of A and B antigenic groups during epidemics. As with
the vast majority of HRSV strain variability studies, our epi-
demiologic analysis is limited to samples obtained from hospi-
talized infants. However, several comparative studies between
samples from hospitalized babies and community patients
found similar strain variability in the two type of samples (46,
56, 65, 72).

The mechanism by which this duplication provides a selec-
tive advantage for the BA genotype over the rest of the B
viruses is unknown; however, it is possible that the additional
residues modified significantly the antigenic characteristics of
the G protein, allowing escape from neutralization by antibod-
ies present in the human population as a result of previous
infections. An additional possibility is that the duplication has
affected G protein-mediated attachment of the virus to the
host cell and thereby enhanced virus fitness. However, since
the entire genome sequence of a virus of the BA genotype
remains to be determined, it cannot be excluded that viruses of
the BA genotype contain additional mutations, besides the
duplication, that may increase their fitness relative to that of
other group B viruses.

The phylogenetic tree in Fig. 3 represents the global spread
of the BA genotype during 10 years. The six branches (BA-I to
BA-VI) previously identified contain the majority of viruses
with the duplication (64), but recently the branch BA-IV has
undergone a great expansion relative to other branches and
now holds 70% of the sequences analyzed and all BA se-
quences identified after 2005. This observation suggests that
viruses of this branch, particularly the recent predominant
lineages MAD-III, INDIA, and BRASIL (Fig. 3B), have been
more successful than the remainder of the BA genotype, pre-
sumably due to some selective advantage.

The locations where BA viruses have been identified, as well
as the different lineages and the year of isolation, are illus-
trated in the map of Fig. 6. Although it has been previously
reported that HRSV has a low tendency for geographical as-
sociation (12), two different situations were observed for the
BA genotype, one where certain lineages circulated in re-
stricted areas during at least 2 years (BA-III, BA-V, MAD-II,
MAD-III, INDIA, and BRAZIL) and another in which a new
variant of the virus reached very distant places in a short period
of time. These two situations are probably the result of a
complex interaction between a high substitution rate and the
antigenic drift imposed by the immunological status of the
population. It is expected that HRSV, like many other viruses,
is permanently engaged in an arms race with the immune
system of the host and that the ability to escape detection by
acquired immunity plays a central role in the progressive evo-
lution of HRSV.

For HRSV group A, it has been documented that amino
acid changes in the C-terminal third of the G protein are often
associated with the loss of antigenic epitopes in both natural
strains and antibody escape mutants (4, 11, 15, 24, 27, 36, 40,
54). These changes coincide to some extent with sites described
as being under positive selection (7, 43, 71, 74). Although less
is known about group B virus epitopes, it is probable that the
sites associated with the division of the BA genotype in lin-
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eages and sublineages and those found to be under positive
selection (Fig. 3C) represent antigenic changes that contribute
to the evasion of the immune response by the population.

An interesting observation is the high degree of G protein
length polymorphism found among BA viruses, which showed
a total of 11 different G protein lengths (see Fig. S3 in the
supplemental material). Variation in G protein length has
been associated with selection of certain antibody escape mu-
tants (54).

The demographic history of the BA genotype represented in
Fig. 5 displays a general expansion of the viral population, with
fluctuations imposed by the selective forces that operate in
HRSV evolution. It is important to note the decrease and
subsequent increase in the viral population, observed in 2004,
characteristic of a bottleneck effect. This point in the demog-
raphy coincides with the replacement of all circulating B ge-
notypes by the BA-IV branch, which predominated over all
other BA lineages. Despite the capacity for a rapid global
spread of the BA virus, probably as a consequence of the
immunologically naive conditions of the population, these vi-
ruses did not dominate HRSV group B until a few years later,
when branch BA-IV become predominant. This observation
suggests that other changes besides the 60-nt duplication might
have been required for optimal adaptation of the new virus for
replication in its natural host, e.g., the shortening of the pro-
tein length found in most recent lineages of the BA-IV branch.

Future studies will determine whether this new BA genotype
continues to dominate the other group B viruses and becomes
the new antigenic HRSV group B or BA viruses are lost from

for nonconsecutive seasons. The year of isolation corresponds to the first year of an epidemic season, i.e., 2001

the virus pool as a consequence of changes in the herd immu-

nity.
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